I. INTRODUCTION
The surface plasma wave ͑SPW͒ based sensors are reaching a high degree of precision. They either employ resonant angle of incidence of a laser at glass-metal interface in the attenuate total reflection ͑ATR͒ geometry 1 at which reflectivity sharply falls or surface enhanced Raman scattering ͑SERS͒ for detection. In the former, the laser excites a surface plasma wave over the metal free space boundary with electric field one order of magnitude higher than the laser field. 2 The presence of nanoparticles or traces of biomaterials on metal surface brings noticeable change in resonant angle of incident R , reflectivity, and phase of reflected light, from which information about the material can be deduced. 3 In SERS sensors, molecules adsorbed on rough metal surface 4, 5 produce up to six orders of magnitude enhancement 6 in Raman signal as compared to naked molecules, due to plasmon resonance. A laser incident on a rough metal surface or nanoparticles induces a huge field on particle surface strongly polarizing the atoms of the molecules adsorbed. As the atoms of a molecule vibrate about their center of mass, the induced dipole moment oscillates at laser frequency and the sidebands Raman shifted by the vibration frequency are produced. The Raman shifted atomic dipole induces a strong, plasmon enhanced, field inside the particle, and the latter behaves as a radiating dipole, producing highly enhanced Raman signal. [7] [8] [9] [10] [11] [12] [13] SERS has various potential applications. Recent applications of SERS have included detection of cancer genes, 14 glucose sensing at physiological concentrations, 15 and detection of chemical and biological agents. 16 Currently there is very significant interest in developing fiber SERS sensors. A roughened optical fiber coated with silver is employed for SERS detection. 17 Stokes and Vo-Dinh have developed an integrated single-fiber SERS sensor in which excitation and collection of Raman signal are done by the same fiber. 18 Environmental monitoring, 19 remote monitoring, 20 water quality monitoring, 21 biochemical monitoring, 22 in situ sensing of volatile organic compounds in groundwater, 23 and detection of biomolecules in aqueous solutions 24 are among useful applications of fiber optic SERS sensors.
In this paper we examine the mode conversion of a laser in a metal coated fiber, from TM mode to surface plasma wave. The fiber metal interface has a ripple to assist k matching. We model the ripple as an electron density modulation at wave number k W . When a laser propagates through the fiber it induces oscillatory velocity on electrons of the metal. The oscillatory velocity beats with the space modulated density to produce a current driving the surface plasma wave on the metal free space interface. The SPW field polarizes the metal particles present on metal surface, resonantly enhancing local fields. The fields polarize the molecules adsorbed on particles. The scattered field produced by the adsorbed molecules gets enhanced again by the same plasma effect as stated above, discussed by Liao et al. 25 Finally we have calculated the ratio of the amplitude of body wave going back in the fiber to that of amplitude of incident laser. In Sec. II, we derive dispersion relation for body and surface plasma waves of a metal coated optical fiber. In Sec. III, we study the mode conversion of a body wave due to a ripple at fiber metal interface. In Sec. IV, we study the SERS of a surface plasma wave. In Sec. V we discuss the results.
II. BODY WAVES AND SURFACE WAVES
Consider an optical fiber of radius a and permittivity g , coated with metal ͑a Ͻ r Ͻ b͒ of effective permittivity m ͑Fig. 1͒. A laser propagates through this structure in azimuthally symmetric TM mode with t − z variation as exp͓−i͑t − k z z͔͒. The r variation of fields is governed by the wave equation,
L is the lattice permittivity. P is the plasma frequency of free electrons inside the metal and is the electron collision frequency. The well behaved solutions of Eq. ͑1͒ in different regions are
, and the prime denotes differentiation with respect to argument. Continuity of E z and ЈE r at r = a , b demands
leading to the dispersion relation
where
In the limit b → ϱ or a → 0, R = 0. In the former, the first factor in Eq. ͑4͒ equated to zero gives the body wave ͑TM mode͒,
For a → 0, the second factor in Eq. ͑4͒ equated to zero gives the surface plasma wave,
In the limit b → ϱ, Eq. ͑6͒ reduces to m =−␣ 2 / ␣ 3 , giving the usual dispersion relation for SPW over a planar surface,
In the general case when a and b are finite the modes are significantly modified by finite RЈ. In the case of much interest, ␣ 2 b ӷ 1, R is small, and the coupling between the two factors on the left of Eq. ͑4͒ is weak. Equation ͑4͒ admits another surface plasma wave that propagates along the glass-metal interface with dispersion relation
In the limit a → ϱ, it takes the form k z
However, as we see in Fig. 2 , this surface plasma, for a given frequency, has significantly different wave numbers than the other surface plasma wave. Hence one cannot excite the two surface plasma waves by the same laser body wave using a similar ripple. Only the surface plasmon mode at the metal free space interface has the relevance in SERS sensors, therefore we choose ripple wave number such that it couples this surface plasma wave to the TM mode. Hence we ignore the surface wave on glass-metal interface.
We have solved Eq. ͑4͒ numerically and plotted the normalized frequency ⍀ = / P versus normalized wave number q z = k z c / P in Figs. 2 and 3 for g = 2.13, L = 10, a =4 m, and b = 4.04 m. One may note that the frequency for the TM mode begins with a cutoff and rises as q z increases. The surface plasma wave has linear variation of ⍀ with q z initially; however, at large value of q z , ⍀ tends to a saturation value. At a given ⍀, the difference in q z value for the TM mode and SPW represents the wave number mismatch or the wave number required for resonant mode conversion. At a P / c = 20, we see that a minimum of q z is required for ⍀ = 0.2453, and this minimum value is q z = 0.0184. It is only in a narrow range of ⍀, we can convert body wave into SPW with a ripple of small q z . Outside this range we need a ripple of very high q z , which is quite difficult to obtain.
In Fig. 4 , we have plotted ⍀ vs q z for a P / c = 20 with b / a = 1.1, i.e., increased metal thickness to 400 nm. In this case the surface plasma wave and body wave dispersion curves touch each other at a certain frequency. If we need to convert a body wave into a SPW of this frequency then it does not require a ripple.
III. MODE CONVERSION
Consider the fiber metal interface to be rippled ͑Fig. 5͒, r = a + h cos͑k W z͒. On the outer side of the ripple, the electron density in the metal is n 0 . In the ripple region ͑a − h Ͻ r Ͻ a + h͒, it is a periodic function of z, n͑z͒ = n͑z + W ͒, where W =2 / k W . Following Liu and Tripathi, 26 we model the ripple by an electron density modulation,
A laser of frequency L and parallel wave number k z = k L propagates through the fiber in TM mode. 
This field imparts oscillatory velocity to electrons, v = eE / mi L , where −e and m are the electronic charge and mass, respectively. Within the ripple region, v beats with n to produce a nonlinear current density at frequency L and wave number
J S NL is localized in the ripple region and can be taken to be a delta function of r with L ͑r͒ replaced by h L ͑a͒. L and k S satisfy the dispersion relation for SPW, hence J S NL derive the surface plasma wave. The relevant Maxwell's equations for the SPW are
ͪJ S

NL . ͑11͒
Let the solution of these equations when J S NL =0 be E SO and H SO , i.e., Using these in Eq. ͑11͒ and employing Eq. ͑12͒, we obtain
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Multiplying Eq. ͑14͒ by H SO * rdr, Eq. ͑15͒ by E SO * rdr, and integrating over r from 0 to ϱ, we get
where ‫ء‬ denotes the complex conjugate. Equations ͑16͒ and ͑17͒, with initial conditions at z =0, A = B = 0 give
where ␥ = ͑ L / c͒͑P 1 P 3 * / P 2 P 3 ͒. This treatment is valid as long as z Ͻ k si −1 , where k si −1 is the absorption coefficient of the SPW given by
2453, and L = 3.1970 ϫ 10 15 rad/ s, then we obtain z Ͻ 0.12 cm. In order to have an appreciation of ͉A͉ with z, we consider the case of frequency of the body wave, for a given a P / c, for which minimum ripple wave number is required. For a P / c = 20, this frequency is L / P = ⍀ = 0.2453 with wave number k z c / P = q z = 0.2727 and the corresponding ripple wave number k w c / P = q w = 0.0184. Also we use L h / c Ϸ 0.2. For these values we get P 1 = 3.5792 cm 2 , P 2 = 3.471 76 cm 2 , P 3 = 2.343 54 cm 2 , and ͉R͉ = 47.214 cm −1 . This give P 1 P 3 * / P 2 P 3 = 1.03Х 1. Putting this value in Eq. ͑18͒ and taking modulus gives
gives the ratio of amplitude of the surface plasma wave to the amplitude of the incident laser. We have plotted ͉A / A L 1 ͉ vs L z / c, i.e., normalized length of the fiber in Fig. 6 for z = 0.12 cm. One can note that amplitude of surface plasma wave increases linearly with fiber length.
It may be mentioned that an actual fiber has a cladding. Only after removing this cladding we coat it with metal. When a TM mode enters from the cladded fiber into the metal coated fiber, it encounters a change in the wave number from k z Ј to k z and a power reflection occurs, with intensity reflection coefficient R 1 , given by
where k z Ј and k z are the wave number in the cladded fiber and metal coated fiber, respectively. R 1 may be of the order of 1%.
IV. SURFACE ENHANCED RAMAN SCATTERING OF SPW INTO A BODY WAVE
Consider spheroid shaped particles attached on the metal coated optical fiber. Some molecules are adsorbed on the particles. These molecules give rise to Raman scattering. Let 2l x , 2l y , and 2l z be the lengths of principle axes of the spheroid along x, y, and z directions, respectively. A TM mode laser of field E L and frequency L is launched into the fiber. This mode converts into a surface plasma wave of field E S . If the latter is directed along the principal axes of the spheroid with a molecule also located on principle axes, then it induces a field E in inside the particles, 27 given as
and A is a depolarization factor depending on particle shape. Induced field polarizes the spheroid particle. This gives equivalent point dipole of magnitude
where ␣ E ͑ L ͒ is the particle susceptibility tensor and V is the particle volume. At resonance induced dipolar field of the spheroid is large and produces a large Raman polarization and molecular dipole moment m oscillating at stokes fre-
Here ␣ R is the molecular polarizability and d is the distance from the center of spheroid to the molecule. The field of molecular dipole in turn polarizes the spheroid to produce a spheroid dipole at the stokes frequency,
3 which is larger than usual Raman molecular dipole by the factor
ͮ .
͑24͒
shows a resonance at ͑͒ = ͑1 −1/A͒. For sphere, this resonance occurs if Ϸ −2; a 3:1 prolate spheroid is resonant if ͑͒Ϸ−8.1996. Silver can satisfy these conditions for a visible light. The imaginary part of is small ͑Ϸ0.3͒ while the real part decreases from −2 to −20 over the range of 350-700 nm. 28 In an optical fiber of radius a and permittivity g , coated with metal ͑a Ͻ r Ͻ b͒ of effective permittivity m . The r variation of the fields of surface plasma wave in the glass interior and metallic region is governed by Eq. ͑1͒, whereas in the space above the conductor, it is given by 
we get
These equations can be solved for the ratio of amplitude of the wave going back in the fiber to the amplitude of the incident laser beam and is given as
where RЈ is given by Eq. ͑4͒. In the limit b → ϱ or a → 0, RЈ = 0, so neglecting RЈ, we have
Since D Ϸ 0, we have D Ϸ͑‫ץ‬D / ‫ץ‬k z ͒͑1/L͒Ϸ / L where, L is the length of metal coated region of the fiber for which surface plasma wave propagates.
In order to have an appreciation of the field enhancement of incident laser, we calculate A 1 / A 1 L , i.e., ratio of amplitudes of TM mode going back in the fiber to the incident laser using Eq. ͑27͒. Enhancement factor K can be calculated using Eq. ͑24͒ for a particular frequency of SPW. We consider a 3:1 prolate shaped spheroid with a molecule of nitric oxide ͑NO͒ adsorbed at the tip of principal axis along which SPW field is applied. If we choose incident laser field such that it gives rise to SPW of wavelength of 589.6 nm, then for the silver spheroid ͑n Ϸ 5. Putting these values in Eq. ͑27͒, we obtain ͉A 1 / A 1 L ͉ = 1.2782ϫ 10 3 for the spheroid of size of 16 nm. We note that field of incident laser is enhanced by the order of Ϸ10 3 because of SERS.
V. DISCUSSION
The mode conversion of a TM mode into SPW in a metal coated optical fiber is facilitated by a surface ripple of suitable wave number. TM mode has a sharp frequency cutoff, beyond which its frequency monotonically increases with wave number. The frequency of surface plasma wave rises from a low value at low wave number to higher values as wave number rises. As wave number k → ϱ, wave frequency saturates at = P / ͑1+ L ͒ 1/2 . There is always a wave number mismatch between the TM mode and the SPW in an optical fiber depending upon its radius. This wave number mismatch corresponds to the required ripple wave number for resonant mode conversion. When normalized fiber radius a P / c increases, the cutoff value of body wave decreases and the ripple wave number required for mode conversion decreases. Once the surface plasma wave is excited, it undergoes surface enhanced Raman scattering with the molecules adsorbed on metallic particles deposited on the metal surface of the fiber. The enhancement factor depends upon depolarization factor, which in turn depends upon shape of particle. For different shapes of particles, resonant condition for enhancement is satisfied for different values of their dielectric constant. Required dielectric constant can be obtained by varying the frequency of incident wave. Hence if we choose laser light of certain wavelength depending on the shape of the particles, enhancement in the scattered signal can be obtained. For a typical metal coated optical fiber with g = 2.13, h / c = 0.2, / P = 0.2453, and L = 10, we obtain the ratio of amplitudes of the SPW and the TM mode Ϸ2.87 for L = z = 0.12 cm. When the SPW of wavelength of 589.6 nm undergoes SERS with NO molecules adsorbed on 3:1 prolate shaped silver spheroids of size of 16 nm and molecules are oscillating with vibrational frequency of 2347 cm −1 , then the ratio of amplitudes of the TM mode going back in the fiber to the incident laser comes out to be Ϸ1.2782ϫ 10 3 .
